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Methyl-β-cyclodextrinLipid rafts are often considered as microdomains enriched in sphingomyelin and cholesterol, predominantly
residing in the plasma membrane but which originate in earlier compartments of the cellular secretory
pathway. Within this pathway, the membranes of the Golgi complex represent a transition stage between
the cholesterol-poor membranes of the endoplasmic reticulum (ER) and the cholesterol-rich plasma
membrane. The rafts are related to detergent-resistant membranes, which because of their ordered structure
are poorly penetrated by cold non-ionic detergents and ﬂoat in density gradient centrifugation. In this study
the microdomain niche of the Golgi-resident SPCA Ca2+/Mn2+ pumps was investigated in HT29 cells by
Triton X-100 detergent extraction and density-gradient centrifugation. Similarly to cholesterol and the raft-
resident ﬂotillin-2, SPCA1 was found mainly in detergent-resistant fractions, while SERCA3 was detergent-
soluble. Furthermore, cholesterol depletion of cells resulted in redistribution of ﬂotillin-2 and SPCA1 to the
detergent-soluble fractions of the density gradient. Additionally, the time course of solubilization by Triton
X-100 was investigated in live COS-1 and HT29 cells expressing ﬂuorescent SERCA2b, SPCA1d or SPCA2. In
both cell types, the ER-resident SERCA2b protein was gradually solubilized, while SPCA1d resisted to
detergent solubilization. SPCA2 was more sensitive to detergent extraction than SPCA1d. To investigate the
functional impact of cholesterol on SPCA1, ATPase activity was monitored. Depletion of cholesterol inhibited
the activity of SPCA1d, while SERCA2b function was not altered. From these results we conclude that SPCA1
is associated with cholesterol-rich domains of HT29 cells and that the cholesterol-rich environment is
essential for the functioning of the pump.32 16 345991.
(L. Raeymaekers).
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The Golgi apparatus represents a heterogeneous structure that
comprises several sub-compartments and is interposed between the
endoplasmic reticulum (ER) and the distal secretory pathway
compartments. It is widely accepted that the Golgi cisternae
accumulate Ca2+, both via the SERCA (Sarco/Endoplasmic Reticulum
Ca2+-ATPase) pumps and the SPCAs (Secretory Pathway Ca2+-
ATPases) [1,2]. Humans have three SERCA genes (ATP2A1–3),
encoding respectively SERCA1–3 with each isoform comprising
different splice variants. SERCA2b functions as a housekeeping
pump. The human genome also comprises two SPCA-encoding
genes (ATP2C1 and ATP2C2), encoding respectively the SPCA1 and
SPCA2 proteins. ATP2C1 is ubiquitously expressed, and it has been
identiﬁed as the defective gene in Hailey-–Hailey disease, an
autosomal dominant skin disorder characterized by suprabasal
acantholysis of keratinocytes [3]. ATP2C2 expression has been foundto be more restricted. SPCA2 mRNA is mainly conﬁned to the
gastrointestinal and respiratory tract, thyroid, salivary, and mammary
glands [4]. In contrast to SERCAs, SPCA pumps have similar high
afﬁnities (sub-micromolar range) for Ca2+ and Mn2+ [4]. Therefore,
SPCAs are considered also to be essential in supplying the lumen of
the Golgi complex with Mn2+ which, together with Ca2+, is a
necessary cofactor for various Golgi-speciﬁc transferases (see ref. [5]
for review).
Depending on their position in the secretory pathway the
membranes are more or less speckled with lipid microdomains
termed ‘lipid rafts’ characterized by an elevated cholesterol and
glycosphingolipid content [6,7]. Lipid rafts are thought to form
platforms collecting assemblies of proteins involved in many key
cellular functions, including signal transduction, membrane fusion,
organization of the cytoskeleton, lipid sorting, protein trafﬁcking, and
localization and activity of speciﬁc membrane channels [7]. Lipid rafts
have often been characterized by their relative insolubility at low
temperatures in detergents such as Triton X-100 [8], hence lipid raft
association of proteins can be determined based on this characteristic.
However, it should be noted that the exact relationship between rafts
and detergent resistance remains debated [9].
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are assigned to three categories: genuine raft-associated proteins,
non-raft proteins and conditional raft proteins. The latter are optional
raft residents that have a weak afﬁnity for rafts in the unliganded
state. However, after binding to a ligand, they undergo conformational
changes and/or become oligomerized, whereby their afﬁnity for raft
environment increases. These processes allow tight regulation of
partitioning of proteins in and out of lipid rafts. The relative afﬁnity of
proteins for rafts can depend on different factors, e.g., the relative
hydrophobic nature of their transmembrane domains, hydrophobic
posttranslational additions (GPI-anchor, N-myristoylation, S-palmi-
toylation) [10,11], protein–protein or protein–lipid interactions.
The membranes of different organelles of animal cells contain
variable amounts of cholesterol. The ER membranes are highly ﬂuid
and have a low cholesterol content [12,13]. The ER-speciﬁc Ca2+
pumps (SERCA) appear to be adapted to this highly ﬂuid environment,
since cholesterol enrichment inhibits SERCA2b activity [14]. On the
contrary, the plasma membrane contains a high amount of hetero-
geneously distributed cholesterol, which is enriched in raft domains.
At least one isoform of the plasma membrane-speciﬁc Ca2+ pumps
(PMCA4) was described to be a lipid raft-associated protein [15–17].
Furthermore, membrane cholesterol content was shown to increase
from the ER through Golgi compartments towards the plasma
membrane [13]. We hypothesize that the different lipid composition
of ER membranes, the membranes of the Golgi complex and plasma
membranes might impact on the localization and function of the
residing P-type Ca2+-transport ATPases. To our knowledge, no study
was performed on the membrane microdomain localization of SPCAs.
Therefore, we investigated the membrane domain localization of the
Golgi-speciﬁc Ca2+ pumps SPCA1 and SPCA2.
2. Materials and methods
2.1. Cell culture
HT29 human colon adenocarcinoma cells were purchased from the
European Collection of Cell Culturing (ECACC) and cultured in
Dulbecco's modiﬁed Eagle's medium (DMEM; Invitrogen) supple-
mented with 10% fetal calf serum in a humidiﬁed atmosphere
containing 5% CO2.
COS-1 cells were obtained from ECACC and cultured in DMEM
supplemented with 10% fetal bovine serum, 3.8 mM L-glutamine, 85
IU/ml penicillin, 85 μg/ml streptomycin and 0.9% non-essential amino
acids in a humidiﬁed atmosphere containing 10% CO2.
Both cells were plated at a density of 10,000–15,000 cells/cm2 in
coverglass chambers (Nunc Inc.).
2.2. Immunocytochemistry
Cells were washed in phosphate-buffered saline (PBS; Invitrogen)
and ﬁxed with 4% paraformaldehyde (Merck, Darmstadt, Germany) in
PBS for 15 min at room temperature (RT). Cells were then
permeabilized by incubation in 0.2% Triton X-100 (Roche Diagnostics,
Mannheim, Germany) for 2 min at RT. After three washes with PBS,
non-speciﬁc protein binding was blocked by incubating in PBS
containing 5% bovine serum albumin (BSA; Sigma-Aldrich, Bornem,
Belgium) and 1:100 normal goat serum for 1 h. Rabbit polyclonal
antisera against hSPCA1 [18], hSPCA2 [4] and hSERCA3 [19] were used
at 1:1000 dilution. Mouse monoclonal anti-hSERCA2 (IID8, Sigma-
Aldrich) and an antibody against a Golgi-speciﬁc protein 58K (Abcam
Inc., Cambridge, MA, USA) were used at 1:250 dilution. All antibodies
were diluted in 1% BSA in PBS and applied for 1 h, followed by three
washes with PBS. As negative controls, coverslips were incubated
with pre-immune serum at the same dilution as the immune serum.
Secondary antibodies, goat anti-mouse Alexa Fluor 488/594 and goat
anti-rabbit Alexa Fluor 488/594 (Invitrogen) used at 1:1000 dilution,were administered in 1% BSA in PBS supplemented with 100 μg/ml
4′,6-diamidino-2-phenylindole (DAPI; Invitrogen) nuclear stain and
incubated for 1 h. Finally, cells were washed three times with PBS and
the coverslips were mounted in FluorSave Reagent (EMD Chemicals,
Gibbstown, NJ, USA) to inhibit photobleaching. The slides were
examined on a Zeiss LSM 510 META laser scanning confocal
microscope (Carl Zeiss, Jena, Germany) using a 63/1.4 Plan Apoc-
hromat oil immersion objective (Carl Zeiss). Alexa 488 was excited at
488 nm with an Ar laser. Emission was collected with a 490 nm
dichroic mirror and a 525/25 band pass (BP) ﬁlter. Alexa 594 was
excited with a He/Ne 543 nm laser. Emission was collected with a
545 nm dichroic mirror and a 560 nm long pass ﬁlter. DAPI was
excited at 790 nm with a Mai Tai two-photon laser and ﬂuorescence
was collected via a 460/25 nm BP ﬁlter. For acquisition the Zeiss LSM
510 META software was used. Image transfer and processing was
done with Image J Java-based freeware.
2.3. Microsomal preparation
Petri dishes of conﬂuent cells were rinsed in cold Ca2+- andMg2+-
free PBS followed by scraping in the same solution supplementedwith
1 mM 2-[2-(bis(carboxymethyl)amino)ethyl-(carboxymethyl)
amino]acetic acid (EDTA; Sigma-Aldrich) and 5% (v/v) complete
protease inhibitor cocktail (CPIC; Roche Diagnostics). The cell
suspension was centrifuged at 2000×g for 3 min at 4 °C. The cell
pellet was suspended in 2 ml hypotonic buffer (10 mM Tris–HCl at
pH 7.4, 1 mM MgCl2, 1 mM EDTA and 5% (v/v) of CPIC), and was
allowed to equilibrate for 10 min on ice. Homogenization was
performed by hand using a teﬂon/glass potter homogenizer (40
strokes up and down). An equal volume of buffer M (10 mM Tris–HCl
at pH 7.4, 500 mM sucrose, 40 μM CaCl2, 300 mM KCl and 6 mM β-
mercaptoethanol) was added and homogenization was continued for
another 20 strokes. Cellular debris and nuclei were centrifuged at
8000×g for 20 min at 4 °C. The supernatant was centrifuged at
100,000×g for 35 min at 4 °C followed by resuspension of the
microsomal pellet in 8% (w/v) sucrose solution.
2.4. Preparation of detergent-resistant membranes by ﬂoatation
Detergent-resistant membranes were prepared from control HT29
cells and from cells depleted of cholesterol. Cellular cholesterol was
depleted by the combination of a long-term inhibition of cholesterol
synthesis and an acute cholesterol extraction. Cholesterol synthesis
was inhibited by the application of 4 μM lovastatin (Sigma-Aldrich)
and 0.25 μM mevalonate (Sigma-Aldrich) for 48 h at 37°C [20,21].
Then cells were scraped and collected by centrifugation at 2000×g for
3 min at 4 °C and exposed to 10 mg/ml methyl-β-cyclodextrin
(MβCD; Sigma-Aldrich) for 1 h at RT with constant stirring to acutely
extract remaining cholesterol. Subsequently, cells were centrifuged at
2000×g for 15 min at 4 °C.
About 15×106 of cells were suspended in 1.2 ml lysis buffer
(25 mM Tris–HCl at pH 7.4, 100 mMNaCl, 50 μM CaCl2, 5% (v/v) CPIC
and 1.5% (w/v) Triton X-100). The cell suspension was constantly
stirred for 1 h at 4 °C. Subsequently, the cell suspension was mixed
with an equal volume of 70% (w/v) Nycodenz (Sigma-Aldrich)
solution and distributed over Beckman SW50 centrifuge tubes of
5ml (Beckman Coulter Inc., Fullerton, CA, USA), at 2.4ml per tube. The
membrane suspension was overlaid with 343 μl each of 25, 22.5, 20,
18, 15, 12, and 8% (w/v) Nycodenz solution prepared in lysis buffer
containing 1.5% Triton X-100. After 4 h of centrifugation at 200,000×g
at 4 °C, 10 fractions of 480 μl were collected.
2.5. Western blotting
Microsomal preparations or equal volumes (14 μl) of each fraction
of the Nycodenz density gradient were loaded on NuPage™ Tris–Bis
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proteins were transferred to Immobilon-P membranes (Millipore
Corporation, MA, USA). The blots were quenched in TBST (Tris-
buffered saline containing 0.3% Tween (Sigma-Aldrich)) supplemen-
ted with 5% (w/v) non-fat dry milk. After three washes in TBST,
incubation with the primary antibody (hSPCA1 (1:1000), hSPCA2
(1:500), hSERCA3 (1:500), monoclonal hSERCA2 (1:500) or ﬂotillin-2
(1:500) in TBST containing 1% non-fat dry milk was performed
overnight at 4°C. After labeling with the secondary antibody goat anti-
rabbit or anti-mouse coupled to alkaline phosphatase, the labeled
bands were detected using Vistra ECF (GE Healthcare, Buckingham-
shire, UK) as a substrate. Theﬂuorescencewas detected using a STORM
840 scanner (GE Healthcare) in combination with ImageQuant
software (GE Healthcare). The molecular weight of the proteins was
determined by using the Magic Mark protein marker (Invitrogen).
2.6. Determination of total cholesterol content
Cholesterol content was determined colorimetrically using the
ferric chloride reaction in a sulfuric acid–acetic acid solution [22].
Brieﬂy, 10 μl of each fraction was mixed with 80 μl of chloroform/
methanol (2/1, v/v), and the phase containing the lipids was
transferred into a glass tube and dried under a steam of air.
Cholesterol was extracted by the addition to each tube of 0.75 ml of
acetic acid and 0.5 ml of ferric chloride reagent (prepared by mixing
1 ml of 2.5% (w/v) FeCl3 in 85% H3PO4 with 11.5 ml of concentrated
H2SO4). The samples were incubated for 30 min, and the absorbance
was read at 550 nm using a Beckman-Coulter DU 640B (Beckman
Coulter Inc.) spectrophotometer. Cholesterol standard solutions,
prepared by analytic grade cholesterol (Sigma-Aldrich) dissolved in
chloroform/methanol (2/1, v/v), were used for calibration.
2.7. SERCA2b-N-GFP, SPCA1d-N-GFP and SPCA2-N-GFP constructs
N-terminal fusion of GFP (Green Fluorescent Protein) to hSER-
CA2b, hSPCA1d or hSPCA2 generated hSERCA2b-N-GFP, hSPCA1d-N-
GFP and hSPCA2-N-GFP using the Gateway system (Invitrogen).
Brieﬂy, an entry clone was generated by PCR (hSERCA2b forward
primer 5′-GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGAGAACGCG-
CACACCAA GACG-3′ and reverse primer 5′-GGGGACCACTTTGTACAA-
GAAAGCTGGGTGTCA AGACCAGAACATATCGCT-3′, hSPCA1d forward
primer 5′-GGGGACAAGTTTGTA CAAAAAAGCAGGCTCCAAGGTTG-
CACGTTTTCAAAAAATA-3′ and reverse primer 5′-GGGGACCACTTTG-
TACAAGAAAGCTGGGTGTTAGACACAGCTCACATCTTCTG T-3′ and
SPCA2 forward primer 5′-GGGGACAAGTTTGTACAAAAAAGCAGGCTC
CGTCGAGGGACGCGTCTCCGAGTTC-3′ and reverse primer 5′-
GGGGACCACTTT GTACAAGAAAGCTGGGTGCTACACATCTTCAGGGTG-
CATCTG-3′). It contains the full coding region of hSERCA2b, hSPCA1
or hSPCA2 excluding the start coding, enabling the generation of N-
terminal fusion proteins. The coding fragment was cloned in the
pDONR221 vector using BP recombination. Subsequently the SER-
CA2b, SPCA1d and hSPCA2 coding regions were transferred to the
GFP-containing destination vector pcDNA6.2N-termGFP using LR
recombination.
2.8. Visualization of detergent solubilization in live COS-1 and HT29 cells
cDNAs encoding Glycosyl-Phosphatidyl-Inositol-anchored-Cyan
Fluorescent Protein (GPI-CFP) and Vesicular Stomatitis Virus G-
Yellow Fluorescent Protein (VSVG-YFP) [23] were gifts from Dr.
Nigel M. Hooper (Institute of Molecular and Cellular Biology and Leeds
Institute of Genetics, Health and Therapeutics, University of Leeds,
UK). Transient transfection of COS-1 or HT29 cells with GPI-CFP,
VSVG-YFP, hSERCA2b-N-GFP, hSPCA1d-N-GFP or hSPCA2-N-GFP
plasmid DNA were performed using GeneJuice transfection reagent
(EMD Chemicals, Gibbstown, NJ, USA) according to the manufac-turer's instructions one day after seeding. Two days after transfection,
0.05% Triton X-100 was added to the cells at RT and the ﬂuorescence
wasmeasured every 20 s during 3min. For excitation of GPI-CFP aMai
Tai two-photon laser was used at 900 nm. Fluorescence was collected
by a 480–520 nm BP ﬁlter on the Zeiss LSM 510 META confocal
microscope using a 63×/1.4 Plan Apochromat oil immersion objec-
tive. VSVG-YFP was excited by an Ar laser at 514 nm, and ﬂuorescence
was collected by a 490 nmdichroicmirror and a 535–590 nmBP ﬁlter.
hSERCA2b-N-GFP, hSPCA1d-N-GFP and hSPCA2-N-GFP were excited
by an Ar laser at 488 nm. Fluorescence was collected by a 490 nm
dichroic mirror and a 500–530 BP ﬁlter.
2.9. Ca2+-ATPase activity
COS-1 cells were transiently transfected with hSPCA1d or
hSERCA2b in a pMT2 expression vector using GeneJuice transfection
reagent (EMD Chemicals) one 1 day after seeding. Three days after
transfection, microsomes were prepared (see Section 2.3.) and used
for Ca2+-ATPase activity measurements from transfected and non-
transfected cells (background activity). The microsomal suspension
was split in two. One part served as control and was stirred for 1 h
without treatment; the other part was treated with 10 mg/ml MβCD
for 1 h at RT with constant stirring to deplete membrane cholesterol.
Membranes were recollected by centrifugation at 100,000×g for
35 min at 4 °C.
Ca2+-activated ATP hydrolysis was measured by following the
liberation of inorganic phosphate (Pi) [24]. The ATP hydrolysis was
performed in 100 μl of the reactionmixture: 50 mM TES/TRIS pH 7.0,
100mMKCl, 7 mMMg Cl2, 1 mM EGTA, 10 mMNaN3, 5 mMATP, with
and without Ca2+ buffered at 1 μM and 4–8 μg microsomal
preparation. In case of hSPCA1d, thapsigargin (TG) was added at a
ﬁnal concentration of 100 nM to inhibit SERCA activity. The ATP
hydrolysis was terminated after 20 min of incubation for hSERCA2b
and after 40 min of incubation for hSPCA1d by adding 200 μl of ice-
cold 0.5 M HCl, 4 mM ammonium heptamolybdate, 170 mM ascorbic
acid. Subsequently, 300 μl of 150 mM sodium-m-arsenite, 70 mM
sodium citrate, and 0.35 mM acetic acid were added, and the mixture
was kept at 37°C for 10 min to complete the reaction. Absorbance was
measured at 850 nm with a DU 640B spectrophotometer (Beckman
Coulter Inc.). The absorbance of the condition without Ca2+ was
subtracted from all results.
2.10. Statistical analysis
Values from n different experiments are given as mean±s.e.m.
Curves were created by Lorenzian ﬁt using Origin software. Statistical
signiﬁcance was calculated using paired t-test and indicated by
asterisks. Pb0.001 (⁎⁎⁎) was considered as highly signiﬁcant.
3. Results
3.1. HT29 colon carcinoma cells express both SPCA1 and SPCA2 pumps
and show classical localization of SERCAs and SPCAs
The expression of SPCA1 and SPCA2 as well as SERCA2 and SERCA3
was demonstrated by Western blotting and immunocytochemistry in
HT29 human colon adenocarcinoma cells. On Western blots of
microsomes of HT29 cells, the immunoreactive band of SPCA1
migrated with an electrophoretic mobility of about 90 kDa (Fig. 1,
lane 1), which is lower than the predicted molecular weight of about
100 kDa, depending on the speciﬁc splice variant. This somewhat
anomalous migration has been observed before and might be due to
the speciﬁc gel system used [25]. The signal of SPCA2 migrated with
an electrophoretic mobility of about 100 kDa (Fig. 1, lane 3), which is
in agreement with the predicted molecular weight of 103 kDa [4]. The
SPCA1- and SPCA2-speciﬁc bands were absent in tests with the pre-
Fig. 1. Expression of SPCAs and SERCAs in HT29 colon carcinoma cells. Western blots
were probed with hSPCA1 antibody (lane 1), hSPCA2 antibody (lane 3), hSERCA3
antibody (lane 5) and with hSERCA2 antibody (lane 6). Controls were prepared by
incubation with pre-immune sera (hSPCA1, lane 2; hSPCA2, lane 4). The lanes were
loaded with 10 μg of HT29 microsomes. M: protein molecular weight marker.
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SERCA3 migrated with an electrophoretic mobility of about 100 kDa
(Fig. 1, lane 5), while the signal of SERCA2 migrated at a position a bit
less than 100 kDa (Fig. 1, lane 6). Furthermore, as already reported by
Papp and co-workers [26], we also found a clear expression of SERCA3
in conﬂuent HT29 cells.
Immunocytochemistry was used to compare the sub-cellular
distribution of both SPCA isoforms, SERCA2 and SERCA3, in HT29
cells. The distribution pattern of SPCA1 and SPCA2 was compared to
that of a Golgi marker (58K) in double-stained cells. Both SPCAs
showed a classical juxta-nuclear Golgi localization, the labeling of
which largely co-localized with the Golgi marker (Fig. 2B and E).
Control cells incubated with the pre-immune sera were negative (Fig.
2C and F). The localization of SPCAswas compared to that of SERCA3, a
Ca2+ pump which shows a more restricted cell-type-type-dependent
expression pattern, and to the housekeeping isoform SERCA2b. Both
SERCA3 and SERCA2 are known ER reporters and showed a
distribution of the ER spread out over the entire cytoplasm, thus
conﬁrming that the SPCA localization does not correlate with the ER
structures (Fig. 2G and H).Fig. 2. Expression and sub-cellular distribution of SPCAs and SERCAs in HT29 colon carcinoma
(green) (G) and hSERCA3 (red) (H). The corresponding overlays with 58K (green) and DAPI n
hSPCA2 (F). Scale bar=10 μm.3.2. SPCA1 is localized in Triton X-100-resistant membranes of
HT29 cells
To investigate the distribution of SPCA1 in HT29 cell membranes
we performed a detergent extraction using Triton X-100 and
subsequent ﬂoatation by ultracentrifugation in a Nycodenz density
gradient. The choice of Triton X-100 as detergent was based on a
comparative study on raft stability by different detergents [27],
showing that in contrast to other detergents, Triton X-100 is able to
distinguish between the raft liquid ordered (lo) and the non-raft
liquid disordered (ld) lipid phases by selectively solubilizing the ld
phase. For density gradient centrifugation, Nycodenz was used
instead of sucrose because it has a lower viscosity and thus requires
less centrifugation time for the various components to reach their
equilibrium position.
Fractions from the Nycodenz density gradient were analyzed for
total cholesterol content by colorimetry and for the lipid-raft protein
ﬂotillin-2, the ER protein SERCA3 and the Golgi-resident protein
SPCA1 by Western blotting. The use of SERCAs as non-raft markers
during detergent extraction proved to be difﬁcult. No or very faint
signal was generated on Western blots, possibly due to the instability
of SERCAs. Therefore, in order to stabilize SERCAs, we included Ca2+
(50 μM) in the buffer during detergent extraction (see Section 2).
Even in this condition, SERCA3 was easier to detect than SERCA2, and
we therefore restricted the density gradient analysis to the SERCA3
protein. Cholesterol as well as ﬂotillin-2 were found mainly in low-
density fractions 2–4 (Fig. 3A and B). In contrast, SERCA3 was present
only in the detergent-soluble fractions 6–10 (Fig. 3C). Similarly to
cholesterol and ﬂotillin-2, SPCA1 was mainly detected in detergent-
resistant ﬂoating fractions (Fig. 3D). In all experiments, a fraction of
SPCA1 remained in the high-density region of the gradient, especially
at the bottom of the tube. It is not clear whether this material
represents non-raft associated SPCA1 or whether it is an artifact
caused by over- or under-extraction by the detergent. A similar
analysis of the sensitivity of hSPCA2 to detergent extraction was not
possible because of the weakness of its immunochemical signal on
Western blots of the density gradients fractions.
Disruption of lipid rafts by cholesterol depletion is used to
determine the physiological relevance of the localization of proteinscells. Confocal images of immunostained hSPCA1 (red) (A), hSPCA2 (red) (D), hSERCA2
uclear dye (blue) (B, E). Images of controls using pre-immune serum of hSPCA1 (C) and
Fig. 3. Distribution of total cholesterol and different proteins in fractions from the Nycodenz density gradient. Fractions 6–10 correspond to the original position of the sample.
Fractions 1–5 represent detergent-resistant membranes. Detergent-soluble membrane proteins are present in fractions 6–10. (A) Total cholesterol content was quantiﬁed using a
colorimetric assay. The 10 fractions were analyzed byWestern blotting using (B) anti-ﬂotillin-2/ESA as a raft protein marker, (C) anti-hSERCA3 as a non-raft protein marker and (D)
anti-hSPCA1. SPCA1 was mainly present in the low density, i.e.. detergent-resistant fractions. All points represent average of two or three independent measurements.
Fig. 4. Distribution of total cholesterol and different proteins in fractions from the Nycodenz density gradient after cholesterol depletion. (A) Cellular cholesterol was depleted from
live HT29 cells by using a combination of long-term lovastatin and mevalonate treatment and acute application of methyl-β-cyclodextrin. Total cholesterol content was quantiﬁed
using a colorimetric assay. The distribution of different proteins was determined by Western blotting using (B) anti-ﬂotillin-2/ESA, (C) anti-hSERCA3 and (D) anti-hSPCA1.
Cholesterol depletion shifted the distribution of ﬂotillin-2 and SPCA1, while it did not signiﬁcantly affect the distribution of SERCA3. Open symbols and dashed lines represent the
control results shown in Fig 3. All points represent average of two or three independent measurements.
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proteins are redistributed to the detergent-soluble fractions [28]. We
performed cholesterol depletion in live HT29 cells prior to detergent
extraction and ﬂoatation. Cells were ﬁrst treated with lovastatin
(4 μM) and mevalonate (0.25 μM) for 48 h to suppress the sterol
synthesis and then exposed to MβCD (10 mg/ml) for 1 h to acutely
extract remaining cholesterol. This combined treatment extracted
more than 40% of the cellular cholesterol (Fig. 4A). Cholesterol
depletion induced a density shift from 16–22% (detergent-resistant
fractions) to 25–35% Nycodenz (mainly detergent-soluble fractions)
in the distribution of both ﬂotillin-2 and SPCA1 (Fig. 4B and D).
However, no shift in SERCA3 distribution was detected (Fig. 4C). This
indicates that the normal lipid microenvironment of hSPCA1 but not
that of hSERCA3 is disrupted by the cholesterol depletion.
3.3. Triton X-100 solubilization of live HT29 and COS-1 cells differentially
affects hSPCA1, hSPCA2 and SERCA
An alternative approach to study the raft association of membrane
proteins is to monitor the solubilization of ﬂuorescently taggedFig. 5. Visualization of detergent solubilization of membrane-associated proteins in live C
hSPCA1d-N-GFP (D) or hSPCA2-N-GFP (E) were imaged by confocal microscopy every 20 s fo
gradually solubilized. GPI-CFP and hSPCA1d-GFP exhibited relative resistance to Triton X
bar=10 μm. (F) The time course of normalized ﬂuorescence of GPI-CFP (▪), VSVG-Ysolubilization of COS-1 cells with Triton X-100. All curves are average of four cells.proteins by non-ionic detergents in live cells by real-time ﬂuorescence
microscopy [29,30].
We used GPI-CFP and VSVG-YFP as raft and non-raft markers
respectively [23,30,31]. COS-1 cells were transfected with either GPI-
CFP, VSVG-YFP, hSERCA2b-N-GFP, hSPCA1d-N-GFP or hSPCA2-N-GFP.
The addition of 0.05% Triton X-100 to live COS-1 cells resulted in a
gradual loss of VSVG-YFP from cells, as demonstrated by about 60%
reduction of YFP ﬂuorescence over a period of 3 min(Fig. 5B and F). In
contrast, GPI-CFP was highly resistant to Triton X-100 solubilization,
and only a small reduction (∼10%) in CFP ﬂuorescence was observed
after 3 min (Fig. 5A and F). This differential solubilization of GPI-CFP
and VSVG-YFP by Triton X-100 is in agreement with previous studies
[27,30]. The ER-localized protein hSERCA2b-N-GFP was gradually
solubilized by Triton X-100, showing about 70% reduction of GFP
ﬂuorescence after 3 min of exposure (Fig. 5C and F). In contrast, the
Golgi-resident hSPCA1d-N-GFP was more resistant to Triton X-100
solubilization, similar to GPI-CFP. Only a small ∼10% reduction of GFP
ﬂuorescence was observed within the 3-min extraction period (Fig.
5D and F). The rate of extraction of hSPCA2-N-GFP was intermediate
between that of SPCA1 and SERCA (Fig. 5E and F).OS-1 cells. COS-1 cells expressing GPI-CFP (A), VSVG-YFP (B), hSERCA2b-N-GFP (C),
r 3 min during solubilization by 0.05% Triton X-100. VSVG-YFP and hSERCA2b-GFP was
-100 solubilization, while SPCA2-N-GFP represented an intermediate behavior. Scale
FP (●), hSERCA2b-N-GFP ( ), hSPCA1d-N-GFP ( ) and hSPCA2-N-GFP (○) during
Fig. 6. Visualization of detergent solubilization of membrane-associated proteins in live HT29 cells. HT29 cells expressing hSERCA2b-GFP (A), hSPCA1d-GFP (B) or hSPCA2-N-GFP (C)
were imaged by confocal microscopy every 20 s for 3 min during solubilization by 0.05% Triton X-100. Similarly to the experiment on COS-1 cells, hSERCA2b-GFP was gradually
solubilized, hSPCA1d-GFP exhibited relative resistance to Triton X-100 solubilization and SPCA2-N-GFP presented an intermediate sensitivity to extraction. (D) The time course of
normalized ﬂuorescence changes of hSERCA2b-N-GFP ( ), hSPCA1d-N-GFP (▴) and hSPCA2-N-GFP (○) during solubilization of HT29 cells with Triton X-100. The curves represent
the average of four cells.
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hSPCA1d-N-GFP or hSPCA2-N-GFP were repeated on HT29 cells.
Similar to the observations on COS-1 cells, hSERCA2b-N-GFP wasFig. 7. Treatment of live non-transfected HT29 cells with Triton X-100, followed by immu
(1:250, green) combined with hSPCA1 (1:1000, red) (A, B) or for hSERCA2 (1:250, red) and
with 0.05% Triton X-100 prior to ﬁxation Fluorescence intensity of the immunostaining wa
panel). Endogenous SERCA2was detergent-soluble, SPCA1was detergent-resistant, and SPCA
calculated using paired t-test and indicated by asterisks (⁎⁎⁎Pb 0.001). Scale bar=10 μm.gradually solubilized by Triton X-100, showing about 60% reduction of
GFP ﬂuorescence in 3 min (Fig. 6A and D), while for hSPCA1d-N-GFP
only a small (∼10%) decrease in GFP ﬂuorescence was observed afternostaining. Confocal images of HT29 cells, double immunostained, either for hSERCA2
hSPCA2 (1:1000, green) (A, D). DAPI nuclear dye in blue. C, F: after 5 min of treatment
s quantiﬁed in 10 control cells (gray panel) and in Triton X-100 treated cells (dotted
2 was less resistant than SPCA1. Statistical signiﬁcance between the two conditions was
1519S. Baron et al. / Biochimica et Biophysica Acta 1798 (2010) 1512–15213 min (Fig. 6B and D) and an intermediate value of 40% decrease for
hSPCA2-N-GFP (Fig. 6C and D).
A similar experiment was performed on non-transfected HT29
cells. The cells were treated with 0.05% Triton X-100 for 5min, ﬁxed in
4% paraformaldehyde and subsequently immunostained with anti-
hSERCA2, anti-hSPCA1 or anti-hSPCA2. The difference in the sensi-
tivity to detergent solubilization observed for GFP-tagged constructs
was also observed for the endogenous SERCA2, SPCA1 and SPCA2
proteins (Fig. 7).
3.4. Cholesterol depletion differentially affects hSPCA1 and hSERCA2b
activity
The differential sensitivity of SERCA and SPCA1 to solubilization by
Triton X-100 strongly suggests that SPCA1 preferentially localizes in
cholesterol-rich lipid rafts. In contrast to SPCA1, SERCA2b is localized
and functions in the cholesterol-poor ﬂexible membranes of the ER.
Furthermore, the enrichment of ER with cholesterol was shown to
inhibit SERCA2b activity [14]. Therefore, we investigated whether the
cholesterol-rich environment is essential for the proper function of
SPCA1. The effect of cholesterol depletion on Ca2+-ATPase activity of
hSPCA1d was compared to that of hSERCA2b. Microsomes were
prepared from COS-1 cells transiently transfected with hSPCA1d or
SERCA2b (see Section 2). Themicrosomal suspensionwas split in two.
One part served as control, the other part was treated with MβCD
(10 mg/ml) for 1 h to deplete membrane cholesterol. Ca2+-ATPase
activity was measured on both control microsomes and microsomes
depleted from membrane cholesterol.
Fig. 8A shows that the treatment with MβCD had no signiﬁcant
effect on the protein expression level. After the treatment, hSERCA2b
and hSPCA1d content were 96% and 97% of the control, respectively.
The background Ca2+-ATPase activity was measured on microsomes
of non-transfected cells andwas 0.63±0.08 (n=3) for hSERCA2b and
0.17±0.05 (n=3) μmol/min/mg for hSPCA1d (Fig. 8B). These
background activities were not signiﬁcantly altered by cholesterolFig. 8. The effect of cholesterol depletion on the Ca2+-ATPase activity of hSPCA1d and
hSERCA2b. Membrane cholesterol was depleted from microsomes of COS-1 cells
overexpressing hSPCA1d or hSERCA2b by MβCD treatment for 1 h. (A) The protein
expression of cells before and after MβCD treatment was compared by Western
blotting. (B) The background activity of SERCAs (black bars) and SPCAs (white bars)
was measured in both control and MβCD-treated non-transfected microsomes. In
similar way, the Ca2+-ATPase activity of hSPCA1d and hSERCA2b was measured in
control (grey bars) and in cholesterol-depleted membranes (dotted bars) transfected
microsomes. The results are obtained from three independent experiments (n=3)
each done in duplicate. Only the difference between the Ca2+-ATPase activity of SPCA1-
overexpressing control and MβCD-treated microsomes was regarded statistical
signiﬁcant (Pb 0.001).depletion, amounting to 0.52±0.07 (n=3) for hSERCA2b and 0.16±
0.02 (n=3) μmol/min/mg for SPCA. However, cholesterol depletion
reduced Ca2+-ATPase activity of hSPCA1d from 1.96±0.08 μmol/
min/mg (n=3) to 1.03±0.04 μmol/min/mg (n=3), which repre-
sents a 47.5% decrease in activity. The same treatment had no
signiﬁcant effect on hSERCA2b Ca2+-ATPase activity, changing from
5.05±0.11 μmol/min/mg (n=3) to 4.84±0.29 μmol/min/mg
(n=3) (Fig. 8B).
4. Discussion
We chose HT29 human colon adenocarcinoma cells for our study,
because this cell line was derived from colon epithelium, a tissue with
abundant expression of both SPCA isoforms, as was shown in previous
investigations of our laboratory [4]. Here, we demonstrated that also
HT29 cells express both SPCA1 and SPCA2. Until now SPCA2 protein
has been shown only in some cell types, namely in human intestinal
goblet cells [4], mouse hippocampal neurons [32], mouse and rat
mammary glands [32–34] and human neutrophil granulocytes [35].
The sub-cellular position of SPCA2 was variable in these cells,
localizing mainly to the Golgi apparatus or to the secretory vesicles.
In HT29 cells both SPCA isoforms showed mainly a Golgi-like
distribution, clearly distinct from the distribution of SERCA2 and
SERCA3 over the ER network.
We investigated the partitioning of the intracellular Ca2+ pumps in
membrane microdomains of HT-29 and COS-1 by analyzing their
sensitivity to extraction in non-ionic detergent. Two methods were
used: the ﬁrst method used microsomes which were solubilized in
cold Triton X-100 for 30 min followed by separation of components in
a Nycodenz density gradient; the second used ﬂuorescence micros-
copy to follow the time course of solubilization at room temperature
of labeled proteins in live cells. The ﬁrst method could not be applied
to SPCA2 and SERCA2b.
The presence of lipid rafts in HT29 cells was documented on the
basis of the high content of cholesterol and the protein marker
ﬂotillin-2 [36] in low-density fractions of a Nycodenz density
gradient. We showed that the Golgi-resident SPCA1 co-localized
with cholesterol and ﬂotillin-2 in the detergent-resistant fractions,
while the ER-protein SERCA3 was found in the detergent-soluble
membranes. The application of detergent extraction to isolate
membrane microdomains from fragmented vesicular membranes
might cause artifacts by inducing non-physiological protein and lipid
associations. Therefore, it is necessary to complement this method by
application of detergents to live cells [28]. We monitored the
solubilization of ﬂuorescently tagged raft and non-raft markers from
live COS-1 and HT29 cells in real time by confocal microscopy and
compared it to the behavior of SPCA1, SPCA2 and SERCA2b. Several
studies have shown that the GPI-anchored form of a ﬂuorescent
protein co-localizes with other raft markers and is resistant to
solubilization by Triton X-100 [11,37]. The transmembrane protein
VSVG fused to a ﬂuorescent protein, on the contrary, was found to be
excluded from raft domains and solubilized by Triton X-100 [30]. We
conﬁrmed these ﬁndings in COS-1 cells expressing GPI-CFP and
VSVG-YFP, thus validating the method in our experimental system.
We showed that the extraction pattern of SERCA2b-N-GFP is similar to
that of the non-raft marker, while SPCA1d-N-GFP is present in
detergent-resistant membranes of live COS-1 and HT29 cells. The
behavior of SPCA2-N-GFP seems to be intermediate between that of
the raft and non-raft proteins. Importantly, similar to the ﬂuorescently
labeled pumps, the endogenous SERCA2 in live HT-29 cells was Triton
X-100 soluble, whereas SPCA1 was resistant to Triton X-100
solubilization, and SPCA2 showed a similar intermediate solubility.
Disruption of lipid rafts by cholesterol depletion is used to
determine the physiological relevance of the localization of proteins
to these domains. After cholesterol depletion, lipid raft-associated
proteins are redistributed to the detergent-soluble light fractions
1520 S. Baron et al. / Biochimica et Biophysica Acta 1798 (2010) 1512–1521[28,38]. The extraction of more than 40% of the cellular cholesterol by
a long-term inhibition of cholesterol synthesis with lovastatin and
mevalonate combined with an acute cholesterol extraction with
MβCD prior to detergent extraction, resulted in a redistribution of
ﬂotillin-2 and SPCA1 to the detergent-soluble membranes, whereas
such a treatment had no effect on the localization of SERCA3.
The differential distribution of membrane components between
different lipid phases has been well documented for the plasma
membrane. Microdomains enriched in sphingomyelin and cholesterol
function as platforms to concentrate differentmolecules and assemble
them into efﬁcient signal transduction machineries, including pro-
cesses involving Ca2+ signals. Indeed, many Ca2+ inﬂux channels and
their regulators have been found to be present in lipid raft domains, e.g.
GPCRs, G proteins, PLC, PIP2, IP3R, and store-operated Ca2+ entry
channels. It was suggested that lipid rafts likely regulate these
processes by controlling Ca2+ signaling itself [39–42]. More recently,
rafts were also shown to be components of membranes of the
secretory pathway organelles. Furthermore, sphingomyelin- and
cholesterol-enriched domains are formed in the Golgi apparatus
[6,43,44]. Thesemicroregions function as partitioning sites for speciﬁc
post-Golgi trafﬁcking by the formation of assemblies of molecules
separated from Golgi-resident proteins [43,45,46]. Our observation
that hSPCA1 is associated with raft-like domains in the Golgi might
contribute to its retention in the upstream compartments of the
secretory pathway. Likewise, the seemingly less tight association of
hSPCA2 with these membrane phases might reﬂect the fact that
hSPCA2 has been observed also outside the Golgi apparatus in
presumably post-Golgi compartments [32]. In addition, the raft
association of Golgi-resident Ca2+ pumps could play a role in the
generation of local Ca2+ signals around the Golgi [35,47,48],
eventually via association with other components of the Ca2+
signaling pathway.
To assess whether the cholesterol-rich environment is functionally
important for SPCA1, we measured the Ca2+ ATPase activity of
SPCA1d before and after cholesterol depletion with MβCD. The Ca2+
ATPase activity of SPCA1d was compared to that of non-raft ER-
resident SERCA2b in both conditions. Cholesterol depletion inhibited
SPCA1d activity by about 50%, while there was no signiﬁcant effect on
SERCA2b activity. These results suggest that the cholesterol-rich
environment is essential for the proper function of SPCA1.
In summary, this study shows that the Golgi-resident SPCA1
housekeeping enzyme in HT29 human colon adenocarcinoma cells is
associated with low density and cholesterol-rich membrane domains.
SPCA1 exhibits similar ﬂoatation properties as the raft-resident
ﬂotillin-2, unlike the ER-resident SERCA proteins. Furthermore, the
cholesterol-rich environment is essential for the function of the SPCA1
pump. SPCA2 appears to be less tightly associated with raft-like
domains.
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